An advanced ultrasound/Fenton/nanoscale iron oxidation process was applied for treatment of dye wastewater. In this study, the Taguchi statistical method was used to design experiments for the optimization of the ultrasound/Fenton/nanoscale iron process. The experimental design consisted of testing five factors (dosage of H 2 O 2 , concentration of Fe 2 + , amount of nanoscale iron added, treatment time, and initial pH), with four levels of each factor tested. Chemical oxygen demand (COD) measurements were conducted to determine the efficiency of the water samples.
INTRODUCTION
Today, there are more than 10,000 commercially available synthetic dyes (Gong et al. 2005 ) used in many industries, including food, paper, carpet, rubber, plastics, cosmetics and textiles (Robinson et al. 2002) . Dyes can be classified in three categories: anionic (direct, acid and reactive dyes), cationic (basic dyes) and non-ionic (dispersive dyes) (Mishra & Tripathy 1993) . Reactive dyes are typically azo-based chromophores-characterized by their azo groups, which consist of two nitrogen atoms double-bonded to each other (ZNvNZ)-combined with different types of reactive groups, These differ from all other classes of dyes in that they bind to textile fibers, such as cotton, by forming covalent bonds (Aksu & Tezer 2000) . The expanded use of reactive dyes over the last decade has made an impact on conventional methods for treating textile effluents owing to the generally poor biodegradation of such dyes (especially those containing azo groups) under aerobic conditions (Ince & Tezcanli 2001) . Some dyes are toxic and carcinogenic, thus requiring the separation and advanced treatment of textile effluents before they are discharged into conventional systems (Brown & De Vito 1993) . The treatment of textile wastewater is difficult because of the highly complex composition; as such, special advanced treatment technologies, including sedimentation , ozonation, adsorption (Wiebner et al. 1998) , electrochemical oxidation, and photo catalytic discoloration can be required in decolorizing and reducing the COD (chemical oxygen demand) of the highly complex dyes of varied chemical structures (Knapp et al. 1995) . Therefore, researchers have developed several Advanced Oxidation Processes (AOPs), including Fenton processes, UV, ultrasonic decomposition or combined oxidation processes to treat dye wastewater . In advanced oxidation processes, organic compounds are transformed with reactions involving hydroxyl radicals (zOH). Hydroxyl radicals have one unpaired electron and are strong, non-selective, highly reactive oxidants, only second to elemental fluorine in reactivity. Fenton oxidation produces zOH from Fenton's reagent (Fe 2 þ and hydrogen peroxide, H 2 O 2 ). Fenton oxidation, an advanced oxidation catalyzed with ferrous iron (Fe 2 þ ), is successful in removing organics from water (Mohanty & Wei 1993) but requires continuous addition of dissolved Fe 2 þ . In recent years, considerable interest has been shown in the application of ultrasound (Vajnhandl & Le Marechal 2005) and nanotechnology for the decontamination of dye wastewater. Processes coupling these methods have been shown to be efficient for the removal of hazardous organic compounds from wastewater (Orzechowska et al. 1995; Lin et al. 1996) .
In this study, decomposition of aqueous azo dyes using a coupled ultrasound/nanoscale Fe/Fenton process was conducted in a laboratory-scale reactor. A Taguchi statistical method was employed for the optimization of degradation conditions (measuring color and COD reduction of azo reactive dye (Reactive Black 5)). The results of experiments were analyzed with the Taguchi method with the following objectives in mind: (1) to find the best or optimal condition for the product or process, (2) to identify the contribution of individual factors in the process, and (3) to estimate the response under optimal conditions. A commonly applied statistical treatment, analysis of variance (ANOVA), was also used to analyze the results of experiments and to determine how much variation each factor contributes.
TAGUCHI DESIGN

Design of orthogonal array and signal-to-noise analysis
Five factors (dosage of H 2 O 2 , concentration of Fe 2 þ , amount of nanoscale Fe added, treatment time, and initial pH) were tested at four levels each, as shown in Table 1 .
The factors and levels were used to design an orthogonal L16 array for experimentation ( Table 2) . The S/N ratio is able to reflect both the average and the variation of quality characteristics. There are several S/N ratios available, depending on the types of characteristics (Ross 1998) : lower is best (LB), nominal is best (NB), and higher is best (HB). In the present study, COD is treated as a characteristic value. Since the removal of COD to be maximized, the S/N ratio for HB characteristics was selected. This can be calculated as follows:
where n is the repetition number of each experiment under the same condition for design parameters and R pi is the polarization resistance of an individual measurement at the ith test. After calculating and plotting the mean S/N ratios at each level for various factors, the optimal level (that is, the largest S/N ratio among all levels of the factors)
can be determined.
Analysis of variance (ANOVA)
The objective of this research was to achieve as large a degradation percentage as possible that can be measured by the removal of COD. The ANOVA procedure was used to determine the percentage contribution of each of the factors studied. ANOVA is similar to regression analysis, which is used to investigate and model the relationship between a response variable and one or more independent variables.
The fundamental techniques of ANOVA are (1) a partitioning of the total sum of squares into factors related to the responses used in the model, and (2) an F-test used for comparisons of the factors of the total deviation. For example, the total sum of squares for a simplified ANOVA with 5 factors at 4 different levels is SS T ¼ P 5 p¼1 SS p þ SS e , where SS T denotes the total sum of squares; SS p denotes the sum of squares of the factor p where p ¼ 1, 2, 3, 4, and 5;
and SS e denotes the error sum of squares. Statistical significance is tested for by comparing the F test statistic
of freedom for the factor p; and MS e ¼ SS e /D e , where D e ¼ the degree of freedom for the error. The five parameter symbols typically used in ANOVA (Ross 1998 ) with minor modifications are as follows:
1. Total sum of squares (SS T ). The total sum of squares, SS T , from the S/N ratio can be calculated as:
where m is the total number of experiments, and h i is the S/N ratio at the ith test. The sum of squares from the tested factors, SS p , can be calculated as:
where p represents one of the tested factors, j is the level number of the specific factor p, t is the repetition of each level of the factor p, and S hj is the sum of the S/N ratio involving this factor and level j.
2. Degree of freedom (D). D denotes the number of independent variables. The degree of freedom for each factor (D p ) is the number of levels minus one. The total degrees of freedom (D T ) is the total number of the result data points minus one, i.e. the total number of trials times number of repetition minus one. The degree of freedom for the error (D e ) is the number of the total degrees of freedom minus the total degree of freedom for each factor.
3. Variance (V). Variance is defined as the sum of squares of each trial sum result involved the factor, divided by the degrees of freedom for the factor, as follows:
4. The percentage of the contribution to the total variation (P). P p denotes the percentage of the total variation from each individual factor and is calculated as: 
RESULTS AND DISCUSSION
Determination of optimal level
The main objective of this study was to determine the experimental conditions required to remove COD. Then, the response of each experimental factor to its individual level was calculated by averaging the S/N ratios of all experiments at each level for each factor. Figure 2 and (E) initial pH ¼ 2.
Analysis of variance (ANOVA)
Analyses of various runs were performed by ANOVA, as shown in 
Cross interactions between parameters
The Taguchi method not only predicts the dominant parameters for the process but can also offer an effective algorithm for clarifying the cross interactions between parameters. Table 4 illustrate that the ultrasound-assisted nanoscale Fe/Fenton
Process is an efficient method for the decolorization of dye wastewater.
In a practical application, decolorization and COD reduction of the dye wastewater in a textile plant were accomplished at levels of 98.51% and 62.05%, respectively, using the optimal conditions found in this study. These values are similar to the modeled values mentioned above.
CONCLUSIONS
This study is the first attempt towards a systematic optimization of a combined wastewater treatment process for different scenarios. In addition, this study attempted to optimize relevant experimental conditions hypothesized to affect the ultrasound/nanoscale iron Fenton process of azo-dye pollutants, using Taguchi factorial design methodology. The optimum conditions were arrived at based on the quality characteristics of the higher is best S/N ratio.
The results obtained showed that the optimum conditions 
